Introduction
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On 11 March 2011, an extraordinary earthquake of magnitude 9.0 centered about 130 km off the Pacific coast of Japan's main island, at 38.3ºN, 142.4ºE, was followed by a huge tsunami with waves reaching up to 40 m height in Iwate region and about 10 m in Fukushima region [1] . These events caused the loss of about 16000 lives, missing of about 4000 lives and extensive damage. One of the consequences was a station blackout (total loss of AC electric power) at the Fukushima Dai-ichi Nuclear Power Plant (FNPP1). The station blackout developed into a disaster that left three of the six FNPP1 reactors heavily damaged and caused radionuclides to be discharged into the air and ocean [2] .
Total amount of release radionuclides to the environment from the FNPP1 accident in March 2011 might be one of the big concerns about the FNPP1 accident as well as impact to human and non-human biota. In this paper, 1) we summarize total amount of released radiocaesium from the FNPP1 accident and mass balance of FNPP1 derived radiocaesium in the North Pacific Ocean and 2) present latest status of radiocaecium in the coastal region in Japan. Cs to 137 Cs activity ratio at the time of accident was close to 1 (0.99 ± 0.03 in the FNPP1 north and south discharge channels) and extremely uniform [3] , and 134 Cs to 137 Cs activity ratio in the estimated core inventory was also close to 1 [4] , therefore in this article we assume that the total amount of 134 Cs released to the atmosphere and that of direct discharge to the ocean can be considered the same as the total amount of 137 Cs released to the atmosphere and that of direct discharge to the ocean. Total deposition of 134 Cs from the atmosphere on ocean surface, deposition of 134 Cs from the atmosphere on Japanese land and total amount of 134 Cs in the North Pacific Ocean also can be considered the same as those of 137 Cs. Estimates of the released amount of the most widely studied radionuclide, 137 Cs, have varied from 3 to 30 PBq [5] . One of causes of the large variability is that most of the researchers did not consider mass balance of radiocaesium, the law of conservation of mass, in the environment. Many researchers did estimate only a part of the environment such as only to the air, only to the ocean etc. Mass balance of radiocaesium is a strong constrain to understand environmental impact of FNPP1 released radionuclides as below,
where R i are released amount to each domain and I j are inventory in each domain and i: 1=atmosphere, 2=direct discharge j: 1=atmosphere (now zero due to short residence time), 2= land, 3=ocean, 4=sediment (known as small), 5= biota (negligible)
R1+R2=I1+I2+I3+I4+I5=<total in the core (2) We can also ignore I 1 due to short residence time of radionuclides in the air around a few weeks. We can ignore I 4 because small amount radiocaesium in the sediment as reported to be around 130 ± 60 TBq [6, 7] .We also can ignore I 5 because maximum estimate of radiocaesium in biota based on fish catch amount of 20 × 10 give us order around GBq. Finally we can simplify the equation (2) as below;
Therefore, major portion of mass balance of FNPP1 derived radiocaesium is that sum of atmospheric release and direct discharge to the ocean, R 1 +R 2 , must be very close to sum of inventories on land and in the ocean, I 2 +I 3 , as shown in Eq. (3). Tsumune et al. reported that total amount of direct discharge to the ocean, R 2 , was 3.5 ± 0.7 PBq [8] . Aoyama et al. reported based on the mass balance as shown Eqs. (3) and (4) and observed inventory in the North Pacific Ocean that atmospheric release, R 1 , was 15.2-20.4 PBq and total amount of radiocaesium deposited in the North Pacific Ocean, I 3 -R 2 , was 11.7-14.8 PBq [9] . Total amount of deposited radiocaesium on land, I 2 , was estimated to be 3.4-6.2 PBq. Finally as a total 15.2-18.3 PBq, I 3 , was estimated to be discharged to the North Pacific [9] . These discharges amount from Fukushima accident represent about 22-27 % of the total input of 69 PBq delivered to the North Pacific in the 1950s and 1960s from atmospheric nuclear weapons tests [9] .
The inventory of FNPP1-released 134 Cs in the North Pacific Ocean, I 3 , was also estimated to be 15.3 ± 2.6 PBq [10] based on observational value and by Optimal Interpolation (OI) analysis which showed in good agreement with an estimate above. About half of this activity (8.4 ± 2.6 PBq) was found in the coastal region near the FNPP1 at the time of accident [10] . Based on a linear least-squares regression between simulated and observed 134 Cs activity, the total amount of 134 Cs injected into the North Pacific, I 3 , was estimated at 16.1 ± 1.4 PBq [11] . This estimation also showed in good agreement with an estimate of 15.2-18.3 PBq [9] and an estimate of 15.3 ± 2.6 PBq [10] .
In the ocean interior, radiocaesium maxima were observed at mode waters which indicate that subduction is main transport process of Fukushima derived radicaesium into the ocean interior. In the North Pacific Ocean 7.9 ± 1.4 PBq is in surface layer (Inomata unpublished data) and 4.2 ± 1.1 PBq is in Sub Tropical Mode Water (STMW) and FNPP1 derived radiocaesium was spread entire subtropical gyre in 2012 [12] .
Therefore [6, 7] As shown above, total amount of atmospheric release was 15-20 PBq and direct discharge to the ocean was 3-6 PBq, respectively. 12-15 PBq, 80 % of atmospheric release, was deposited in the North Pacific and 3-6 PBq was deposited on land, respectively. Therefore 15-18 PBq was injected as sum of atmospheric deposition and direct discharge in the North Pacific Ocean.
Dynamics of FNPP1 derived radiocaesium
Sampling and methods
We conducted enhanced surface water sampling at 84 stations in coastal regions on both the Japan Sea and Pacific Ocean sides of Japan from November 2015 to March 2016 to examine the recirculation behaviour of FNPP1-derived radiocaesium in the surface layer 5 years after the 2011 FNPP1 accident. We have also been collecting coastal water samples, basically once per month, at two coastal stations: Tomioka, Fukushima, Japan (37.335º N, 141.031ºE) since June 2014 and Hasaki, Ibaraki, Japan (35.842ºN, 140.763ºE) since April 2011. Sample volumes ranged from a few litres to 10 L, and radiocaesium in the sample seawater was extracted by an improved ammonium phosphomolybdate (AMP)/Cs compound method [21] . The AMP/Cs compound was measured by using ultra-low-background gamma-ray detectors at the Low Level Radioactivity Laboratory, Kanazawa University [22] , because the total amount of 134 Cs in each sample was expected to be only a few mBq and the amount of 137 Cs was expected to range from a few to 20 mBq. With this improved AMP procedure, the weight yield of AMP/Cs compound, as well as the radiochemical yield of radiocaesium, generally exceeds 95% for less than 100 L samples [23] . Because the reagents used to extract radiocaesium from seawater can contain trace levels of 134 Cs and 137 Cs and we were using small-volume samples for the measurements, we needed to know the specific activity of by extremely low background γ-spectrometry at the Ogoya underground laboratory of Low level radioactivity laboratory, Kanazawa University. We can neglect this 137 Cs contribution in the CsCl reagent because we used only 0.26 g of CsCl as a carrier for 4 g of AMP, or 0.39 g of CsCl as a carrier for 6 g of AMP. No other reagents were seriously contaminated with 137 Cs produced before the accident. We did not detect 134 Cs contamination in any of the reagents, which were produced before the FNPP1 accident.
Temporal variation in east coast of northern Honshu Island
Temporal variation of radiocaesium activity at Hasaki, Ibaraki, Japan, 35.842ºN, 140.763ºE is shown in Table 1 since April 2011 until June 2016. Temporal variation of radiocaesium activity at Tomioka, Fukushima, Japan, 37.335º N, 141.031ºE is also shown in Table 2 since June 2014 until June 2016. In addition to our own data as shown in Tables 1 and 2 , we compiled monitoring data from TEPCO to examine [24] . After that, the amount released decreased considerably although radiocaesium continued to be released about a few GBq day (Figure 1 ). Because Tomioka is situated between the FNPP1 site and Hasaki and the coastal current generally flows southward in this region [26] , radiocaesium activities at Tomioka were between those at the FNPP1 site and those at Hasaki during the period of this study (Figure 1 [27] . c: This study. 
Eastward surface transport
From the end of March to early April 2011, extremely high activities were observed in the coastal surface seawater near the FNPP1. The high activities spread to a region near 165°E in the western North Pacific Ocean, with a latitudinal center of 40°N. Atmospheric deposition also caused high activities in the region between 180° and 130°W in the North Pacific Ocean [10] .
In summer 2012, the radiocaesium derived from the Fukushima Dai-ichi Nuclear Power Plant accident in March 2011 was found in the Bering Sea and western North Pacific between 25°N and 63°N, which agrees with model simulation results of atmospheric deposition. A semi-synoptic view suggests that a main body of radiocaesium discharged directly had been transported eastward to 170°W, northward to 50°N, and southward to 30°N by summer 2012, about one and half years after the accident [29] . The eastward speed was estimated to be 7 km day -1 [30] .
Re-circulation
A part of radiocaesium in the STMW is already obducted from ocean interior and re-circulated [28] . were observed in the northern part of East China Sea, west of Kyushu Islands and Tsushima straight. On the other hands, 137 Cs activities in surface water in the southern part of the East China Sea were relatively low compared with those in the northern part of East China Sea and ranged from 1.2 to 1.8 Bq m -3 . This indicate that a source of relatively higher 137 Cs activities in surface water observed during the period from Nov. 2015 to May 2016 might be ocean interior in the Pacific side and obducted seawater of which 137 Cs activities are relatively high in the STMW [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] rather than surface water. 
Conclusion
Total amount of release of radiocaesium in each domain were reliably determined as consensus by our results and combining many researchers results as [15] [16] [17] [18] [19] [20] PBq for atmospheric release, 3-6 PBq for direct discharge to the ocean, respectively. 12-15 PBq was deposited in the North Pacific and 3-6 PBq was deposited on land, respectively. Therefore 15-18 PBq was injected as sum of atmospheric deposition and direct discharge in the North Pacific Ocean. These values well satisfied the mass balance of Fukushima derived radiocaesium in the environment.
In the coastal region close to FNPP1 site, based on radiocaesium activity and 134 Cs/ 137 Cs activity ratios decay corrected to 11 March 2011 in surface water revealed that major source of radiocaesium is still FNPP1 site and contribution from global fallout 137 Cs increased at Tomioka and Hasaki depending on the distances from FNPP1 site.
A part of radiocaesium in the STMW in the Pacific Ocean is already obducted from ocean interior and enter into northern part of East China sea re-circulated in Japan Sea.
